Parasite biomass and microvasculature obstruction are strongly associated with disease severity and death in Plasmodium falciparum-infected humans. This is related to sequestration of mature, blood-stage parasites (schizonts) in peripheral tissue. The prevailing view is that schizont sequestration leads to an increase in pathogen biomass, yet direct experimental data to support this are lacking. Here, we first studied parasite population dynamics in inbred wild-type (WT) mice infected with the rodent species of malaria, Plasmodium berghei ANKA. As is commonly reported, these mice became moribund due to large numbers of parasites in multiple tissues. We then studied infection dynamics in a genetically targeted line of mice, which displayed minimal tissue accumulation of parasites. We constructed a mathematical model of parasite biomass dynamics, incorporating schizontspecific host clearance, both with and without schizont sequestration. Combined use of mathematical and in vivo modeling indicated, first, that the slowing of parasite growth in the genetically targeted mice can be attributed to specific clearance of schizonts from the circulation and, second, that persistent parasite growth in WT mice can be explained solely as a result of schizont sequestration. Our work provides evidence that schizont sequestration could be a major biological process driving rapid, early increases in parasite biomass during blood-stage Plasmodium infection.
M
alaria caused approximately 1,238,000 deaths worldwide in 2010 (1) . Of the five different Plasmodium species that infect humans, Plasmodium falciparum is associated with greatest morbidity (2, 3) . Parasite biomass and microvasculature obstruction are among the most reliable prognostic indicators in P. falciparum-infected humans, with high levels of either indicator being strongly associated with severe disease and negative outcome (4) (5) (6) . High P. falciparum biomass could in theory result from poor clearance of freely circulating parasites by the host's mononuclear phagocytic system (MPS), principally macrophages in the spleen and liver. Clinical studies, including ex vivo perfusion of human spleens and analyses of splenectomized malaria patients, argue that humans can clear at least a proportion of circulating P. falciparum parasites (7) (8) (9) (10) (11) . Furthermore, increased rigidity of red blood cells (RBCs) infected with P. falciparum parasites, particularly mature-stage trophozoites and schizonts, appears to render them less capable of passage through the spleen than either uninfected RBCs or ring-stage P. falciparum-infected RBCs (P. falciparum-iRBCs) (12) . Thus, the human MPS can clear circulating mature P. falciparum-iRBCs, but its competency at doing so in vivo remains unclear. A mechanism that could facilitate increases in parasite biomass is evasion of the host MPS by sequestration of P. falciparum-iRBCs in peripheral tissues. A large body of literature has clearly identified P. falciparum-expressed ligands, which mediate adherence of schizont-and late-stage trophozoite-iRBCs to tissue microvasculature (reviewed in reference 13). In addition, sequestration is partially associated with disease severity in P. falciparum infections, suggesting a possible causal link with high parasite biomass (14) . Current in vivo modeling data are consistent with sequestration, providing a strong survival advantage to Plasmodium parasites (15, 16) . However, evidence that sequestration alone is sufficient to cause high parasite biomass is currently lacking.
Inbred, C57BL/6J mice infected with Plasmodium berghei ANKA have been used extensively to model severe/cerebral malaria in humans (17) (18) (19) (20) (21) . RBCs infected with mature P. berghei ANKA parasites, specifically schizont stages, sequester effectively in the lungs of mice in a CD36-dependent manner (15) . P. berghei ANKA-iRBCs also accumulate in large numbers in other organs, such as the spleen, liver, and brain, although parasite ligands required for this process have not been identified. Crucially, it has been demonstrated that parasite biomass-dependent pathology occurs in multiple organs of P. berghei ANKA-infected mice (19, 20) . Therefore, P. berghei ANKA infection of C57BL/6J mice resembles P. falciparum infection of humans in the following respects: parasite sequestration and tissue accumulation do occur, this process is confined only to mature parasite stages, and high parasite biomass is strongly associated with organ-specific pathology, disease severity, and death.
Our recent data have shown that in stark contrast to P. berghei ANKA-infected wild-type (WT) mice, which experience fatal, parasite biomass-dependent cerebral pathology, genetically targeted rag1 Ϫ/Ϫ mice exhibit minimal accumulation of parasites in tissues, experience none of the fatal neurological symptoms associated with this model, and yet retain a functional MPS (17) . Therefore, we used WT and rag1 Ϫ/Ϫ mice as models in which the host MPS is functional but parasite accumulation in tissues either does or does not occur extensively. These genetically targeted mice do not produce mature T or B cells because of inactivation of the recombination activation gene which is required for T cell receptor and immunoglobulin recombination. Using these mice in combination with a mathematical modeling approach, we investigate the role of schizont sequestration in driving infection dynamics and high parasite burdens in mice infected with P. berghei ANKA.
We begin by examining the data obtained from P. berghei ANKA-infected WT and rag1 Ϫ/Ϫ mice to identify the different parasite biomass dynamics in these two mouse types in vivo. Second, we construct a mathematical model of parasite dynamics that optionally includes clearance of parasites by the host MPS and parasite sequestration. Comparisons of our mathematical model with data obtained from P. berghei ANKA-infected WT and rag1 Ϫ/Ϫ mice provide an intuitive explanation for parasite dynamics during the early uninhibited parasite growth phase and during the later stages of infection when clearance and sequestration mechanisms impact growth dynamics. Our modeling demonstrates that schizont sequestration alone can directly, and substantially, facilitate parasite growth and increase parasite biomass and disease severity.
MATERIALS AND METHODS
Mice. Female C57BL/6 mice aged 6 to 10 weeks were purchased from the Australian Resource Centre (Canning Vale, Perth, Western Australia) and maintained under conventional conditions. rag1 Ϫ/Ϫ mice were bred and maintained at the QIMR Berghofer Medical Research Institute. All animal procedures were approved and monitored by the QIMR Animal Ethics Committee (approval number A02-633M).
Parasites and infections. A transgenic P. berghei ANKA (clone 231c1l) parasite line expressing luciferase and green fluorescent protein under the control of the EF1-␣ promoter was used for all experiments (22) . Parasites were used after one in vivo passage in C57BL/6 mice. All mice were infected with 10 5 infected red blood cells (iRBCs) intravenously (i.v.) via the lateral tail vein. Hemoglobin levels were measured using a HemoCue Hb 201 analyzer according to the manufacturer's instructions (HemoCue, Angelholm, Sweden). The first sample was taken 64 h after initial setup of the experiment. Subsequent samples were taken 23.5, 48, 72, and 96 h after this sample.
Parasitemia and parasite stage determination. A flow cytometric method, adapted from various research groups (23) (24) (25) , was employed to measure parasitemia and parasite stage. Briefly, a single drop of blood from a tail bleed was diluted and mixed in 200 l of RPMI medium containing 5 U/ml heparin sulfate. Diluted blood was simultaneously stained for 30 min in the dark at room temperature with Syto61 (5 M; Life Technologies) to detect RNA/DNA and with Hoechst 33342 (10 g/ ml; Sigma) to detect DNA. Staining was quenched with 2 ml of RPMI medium, and samples were immediately analyzed by flow cytometry using a BD FACSCantoII analyzer (BD Biosciences) and FlowJo software (Treestar, CA, USA). Infected RBCs were readily detected as being Hoechst 33342 positive (Hoechst 33342 ϩ ) and Syto61 positive (Syto61 ϩ ). Parasite stages were determined as shown in Fig. S1 in the supplemental material.
Cytokine measurements. Cytokines in plasma samples were quantified using the cytometric bead array Flexsets (BD Biosciences) on a FACSarray equipped with BD Flexset analysis software (BD Biosciences) according to the manufacturer's instructions.
In vivo bioluminescence imaging. Luciferase-expressing P. berghei ANKA-iRBCs were visualized by imaging whole bodies with an intensified-charge-coupled-device (I-CCD) photon-counting video camera and in vivo imaging system (IVIS 100; Xenogen, Alameda, CA). Mice were anesthetized with isoflurane and injected intraperitoneally with 0.1 ml of 5 mg/ml D-luciferin firefly potassium salt (Xenogen). After 5 min, images were captured, and bioluminescence of luciferase-expressing parasites was measured on the IVIS 100 according to the manufacturer's instructions. The unit of measurement was photons/second/cm 2 
with a boundary condition on B that is the rate of infection of RBCs:
Here, ⌳ is the rate of production of uninfected cells (cells · ml Ϫ1 · day Ϫ1 ), is the rate of uninfected cell clearance (day Ϫ1 ), ␤ is the infectivity of parasites (cells Ϫ1 · ml), a max is the maximum age of parasites before rupturing (days), and m(x) is the age-dependent function describing the rate of cell rupturing. Hence, the integral ͐ 0 a max m͑x͒B͑t, x͒ dx represents the total concentration of parasites (of any age) rupturing per day, and the term ␤U͐ 0 a max m͑x͒B͑t, x͒ dx indicates the total concentration of RBCs becoming infected per day. The other age-dependent function, ␦ B (t, x), describes the rates of blood parasite clearance by the spleen and other immune mechanisms.
This model follows the general compartmental structure used in many malaria models (26-28) (generalized by Tewa et al. [29] ). Uninfected cells become infected, and then they are either cleared by the host or survive until an age where they rupture and release merozoites that infect other RBCs. Two key differences in the model presented here, compared with other models, are (i) that we do not consider merozoites as a separate compartment, and (ii) that we have considered the age structure of the parasite population using a partial differential equation.
Merozoites exist for a very short time in circulation (on the order of 20 min to 1 h) relative to the duration of erythrocyte infection (on the order of a day) (26, (30) (31) (32) . Therefore, we ignore tracking the dynamics of merozoites as an individual compartment. Instead, we assume that any merozoite that is going to successfully infect an RBC does so immediately (very soon after rupture) or not at all. This is in line with the short infective life span of merozoites (26, (30) (31) (32) . Accordingly, the constant of infectivity, ␤, captures the information of both the number of merozoites released in schizogony and the probability of each merozoite resulting in another infected RBC. This treatment of merozoites has been used previously (28) , allowing for a simpler model with fewer parameters that must be estimated.
The age structure of this model enables us to track the distribution of parasite ages over the course of infection and also addresses the previously raised issues regarding the problem of ordinary differential equation models overestimating growth rates (33) . Similar age-structured models of malaria infection have been used previously (34, 35) . However, unlike previous models, the model presented here does not consider the age structure of uninfected RBCs since the average life span of an RBC is much longer than the life span of a parasitized cell (approximately 40 days compared with 1 day).
We use a rupture rate function, m(x), to allow for some variability in the life spans of parasites. P. berghei ANKA produces an asynchronous infection (32) , meaning that the parasites in an infection do not have synchronized ages, as is the case in other malaria infections, such as P. falciparum infection in humans (36) . Even if a population of parasites of the same age is injected into mice, the synchronized age structure will not persist but will desynchronize over several asexual reproductive cycles (32) . In order to model such a desynchronizing infection, a degree of variability in the life span of parasites is required. The rupture rate function, m(x), allows us to specify an age range in which most parasites will rupture and also to include a small amount of variability in the age of rupture of parasites (see Methods Part A in the supplemental material). In previous age-structured models of parasite dynamics, a fixed age of parasitized cell rupture was employed (34, 35) , e.g., 1 day in the case of Plasmodium chabaudi in mice. But in these models, the merozoite population was considered separately, which allowed a degree of variability in the life cycle of parasites to be included through the amount of time taken for each merozoite to infect an RBC. Since our model does not consider the merozoite population, variability in the life span of parasites must be included elsewhere.
Mathematical model of malaria blood-stage dynamics with sequestration. To include sequestration in the above model, a third compartment, the concentration of parasites sequestered in tissue, is added and is given by T(t, x), in a similar way to the ordinary differential equation model of sequestration proposed by Cromer et al. (28) . The new model becomes:
with boundary conditions:
T͑t, 0͒ ϭ 0
The function s(x) represents the age-dependent sequestration rate of parasites, and ␦ T (x) is the clearance of sequestered parasites by the host. For simplicity, we set the clearance of sequestered parasites to zero [␦ T (x) ϭ 0]. This allows us to consider a system where the blood parasites are subject to much higher clearance than sequestered parasites since sequestration is generally regarded as a mechanism to avoid splenic clearance by the host (15, 37, 38) . Parameter and functional choices for mathematical models. The function describing the rupture rate of infected RBCs, m(x), is determined by setting the probability distribution of the age of parasite rupture for each parasite, f(x; m , m ), to be a log-normal distribution. The parameters m and m are chosen to ensure that 95% of parasites ruptured within 21 and 23 h after becoming infected (32) and had a mean time to rupture of 22 h. The parameters m Ϸ Ϫ0.0873 and m Ϸ 0.023 give this result (see Methods Part A in the supplemental material). We then use the hazard function to construct the rupture rate function:
where F͑x; m , m ͒ ϭ ͐ 0 x f͑; m , m ͒ d is the cumulative distribution function of the probability density function, f. This is similar to the methodology used by Belair et al. for an age-structured model for erythrocytes (39) .
The functional choice for ␦ B (t, x) is explored in more detail through this paper, but it should be noted that a step function is used (equation 10), where parasites begin to be cleared at age ␦ age at a rate ␦ rate (t):
Similarly, the sequestration function, s(x), is chosen as a step function (equation 11), where parasites begin to sequester at age s age , at a constant rate, s rate : Table 1 is a summary of the parameters used in this model, with parameter estimates from literature where available.
Statistical and computational methods. All comparisons of quantities in this paper have been compared statistically using an unpaired, two-tailed t test calculated in the statistical and graphing package Prism 6, version 6.0c. All error reported in this paper has been calculated as the standard error, Ϯs/͌n, where s is the sample standard deviation, and n is the number of samples. All computational analyses of the mathematical models in this paper were performed in Matlab (version 7.12.0.635 [R2011a]). The details of the numerical methodology, the upwind scheme (40), used to solve the mathematical models presented in this paper are reported in Methods Part C in the supplemental material.
RESULTS
Parasite burden and age distribution of parasites in WT and rag1 ؊/؊ mice. Parasitemias for both WT and rag1 Ϫ/Ϫ mice are similar up to day 4 of infection ( Fig. 1a) , increasing to 4.2% Ϯ 0.4% (range, 3.1% to 5.8%) and 3.5% Ϯ 0.4% (range, 3.1% to 5.3%) by day 4, respectively. From day 4 onwards, the growth in parasitemia in rag1 Ϫ/Ϫ mice slows (Fig. 1a) , while parasitemia in WT mice continues to grow until day 6 of infection (when they succumb to experimental cerebral malaria [ECM] ).
Parasitemia is a measure of the free parasites circulating in the blood of the host, whereas total parasite burden (TPB) is a measure of the total body parasites and includes parasites that have sequestered in tissue. The total parasite burdens are similar in WT and rag1 Ϫ/Ϫ mice up to day 4 (Fig. 1b) . Thereafter, TPB in WT mice continues to increase along the same trajectory over the duration of the experiment (days 4 to 6) while TPB peaks on day 4 in rag1 Ϫ/Ϫ mice and declines by day 5 and 6. Since sequestration removes schizonts from circulation (41), we expect that in the absence of sequestration, the proportion of late-stage parasites (trophozoites and schizonts) in the blood will be higher than when sequestration is present. The proportion of late-stage parasites is low in both WT mice and rag1 Ϫ/Ϫ mice on days 2 and 3 of infection (Fig. 1c) 4 .7%], respectively). In contrast, after day 4 the proportion of trophozoites and schizonts in the blood is significantly higher in rag1 Ϫ/Ϫ mice than in WT mice (Fig. 1c) . The high proportion of trophozoites and schizonts in the blood after day 4 in rag1 Ϫ/Ϫ supports previous work indicating that these mice have reduced sequestration (17) .
A high proportion of ring-stage (young) parasites occurs when a parasite population is in growth. To determine why a low proportion of late-stage parasites is observed circulating in rag1 Ϫ/Ϫ mice, we use our mathematical model of infection. Initially, we do not include either parasite sequestration or clearance in our model (both mechanisms that are believed to remove latestage parasites from circulation but may not alter dynamics early in infection) to simulate parasite growth early in infection. Rings are believed to become trophozoites between 10 and 18 h into their 24-h life cycle (41, 42) . For simplicity in our simulations, we take trophozoites and schizonts (late-stage parasites) to be parasites that are more than halfway through their life cycle (i.e., older than 12 h). A priori, one might anticipate equal representation of all parasite ages in this model of an asynchronous infection. However, even with parasite clearance and sequestration excluded, our simulations show a population of parasites in growth that contains less than 25% late-stage parasites (Fig. 2) , consistent with our early observations in both WT and rag1 Ϫ/Ϫ mice. On reflection, it is clear that whenever a population of parasites is growing, there will be fewer late-stage parasites than young (ring stage) parasites since during growth every rupturing schizont produces several new (young) parasites. So every new cohort of young parasites is proportionately larger than the previous old one. We demonstrate this result analytically using a simplified version of our model without sequestration in Methods Part D in the supplemental material. Therefore, when the parasite population is growing, even without sequestration, we expect to see a low proportion of late-stage parasites in circulation. Hence, in order to observe a high proportion of late-stage circulating parasites, a mechanism must stop the growth of the parasite population in the host. This result helps interpret the observed low proportion of trophozoites and schizonts in the blood of both WT and rag1 Ϫ/Ϫ mice up to day 3 since the parasite population is growing at this Ϫ/Ϫ (dashed line) groups of mice (n ϭ 6 mice per group). Error bars are reported as the standard errors of the means (Ϯs/͌n). The parasitemia and total luminosity increase consistently across all time points measured in WT mice. In contrast, a distinct slowing in growth of parasitemia is evident between days 4 and 5 in rag1 Ϫ/Ϫ mice. Further, the total luminosity reaches a peak in rag1 Ϫ/Ϫ mice on day 4. The proportion of late-stage parasites in WT mice is relatively consistent during the course of infection, unlike that in rag1 Ϫ/Ϫ mice that exhibit a distinct increase in the proportion of late-stage parasites to over 50% on day 4. When the parasite population is growing, it is evident that the proportion of parasites older than 12 h is low and that the proportion of these late-stage parasites increases once the growth in the total parasite burden begins to slow (after day 5), passing 50% after the total parasite burden has reached a peak and begins to decline (after day 5.5).
point of the infection in both groups of mice. Further, it also allows us to understand why the proportion of late-stage parasites becomes high on day 4 in rag1 Ϫ/Ϫ mice, coinciding with the point when parasite growth stops in vivo (Fig. 1) . Since a high proportion of late-stage parasites will not be observed until the parasite population stops growing, we now see why these two events coincide.
An alternative explanation for the increase in the proportion of schizonts in rag1 Ϫ/Ϫ mice is a decrease in the clearance rate of schizonts over time in these mice. However, as we have outlined above, regardless of the clearance rate of mature parasites, high proportions of these parasites cannot occur if the parasite population is growing. Hence, parasite growth must also slow in order to see an increased proportion late-stage parasites.
In our in silico mathematical model (which includes no sequestration or parasite clearance), growth stops near day 6. In the in silico model growth slows due to target cell limitation, i.e., the depletion of uninfected RBCs available for infection (Fig. 2) . This provides one possible explanation for why parasite growth stops in vivo in the rag1 Ϫ/Ϫ mice. An alternative explanation is that there is an increased host clearance of parasites at this time. To identify which of these explanations is most appropriate, we further investigated the dynamics of both experimental and simulated malaria infections.
Target cell limitation is not responsible for stopping parasite population growth in rag1
؊/؊ mice. In the in silico simulation shown in Fig. 2 the proportion of late-stage parasites increases when parasite growth slows due to target cell limitation (running out of RBC to infect). We investigated whether this could also be the reason for the slowing of parasite growth and the increase in the proportion of late-stage parasites observed in vivo in rag1 Ϫ/Ϫ mice. Hemoglobin levels in WT and rag1 Ϫ/Ϫ mice were recorded at the beginning and end of infection (days 2 and 6) in all mice to allow comparison of the drop in hemoglobin levels in individual animals. The drop in hemoglobin levels was not significantly different between the WT and rag1 Ϫ/Ϫ mice (the level in WT mice dropped by an average of 42% Ϯ 5% and, the level in rag1 Ϫ/Ϫ mice dropped by 37% Ϯ 7%; P ϭ 0.59). Since the drop in hemoglobin level does not inhibit parasite growth in WT mice, it seems unlikely this is the explanation for the phenomenon in rag1 Ϫ/Ϫ mice. It is known the P. berghei ANKA has a strong preference for reticulocytes (49) , and so it is also possible that depletion of reticulocytes could limit the growth of the parasite population if there is a lower reticulocyte count in rag1 Ϫ/Ϫ mice. However, no difference in the proportions of total RBCs that are uninfected reticulocytes was observed between WT and rag1 Ϫ/Ϫ mice between days 4 and 6 of infection when the population dynamics in the two groups diverge (see Fig. S2 in the supplemental material), suggesting that the availability of reticulocytes was not responsible for the different parasite growth dynamics.
Parasite population growth stops in rag1 ؊/؊ mice as a result of increased host clearance. An alternative explanation for why parasite growth stops on day 4 in rag1 Ϫ/Ϫ mice is that there is a corresponding increase in host clearance of parasites. It is reasonable to assume that parasite clearance increases during early infection as the spleen becomes more active and other immune responses begin to participate in parasite control (7, 44) . This hypothesis is supported by data showing that the MPS-related cytokine, MCP-1, which is a chemoattractant for monocytes, is substantially elevated by day 4 in rag1 Ϫ/Ϫ mice (Fig. 3) . However, it is also believed that parasite retention and clearance by the spleen is directed toward less deformable older parasites (schizonts) than toward ring-stage parasites (as shown in an ex vivo system by Safeukui, et al. [43] ). Therefore, although increased clearance might explain the slowing in parasite growth in rag1
mice, at first glance it does not seem that it can also explain the parallel increase in the proportion of late-stage parasites observed in the blood of these mice (Fig. 1c) . Using the same model of parasite growth as in the previous section, we introduced parasite clearance near day 4 (see Methods Part E in the supplemental material) and observed the effect on the proportion of late-stage parasites in the population. Since we do not know at what age parasites are targeted for clearance, we initially allowed clearance to target different life stages. In the simplest case, where clearance targets all life stages equally, increasing clearance slows parasite growth without significantly altering the age distribution of parasite life stages (Fig. 4a, blue dashed line) . We then varied the age at which parasites are targeted for clearance; targeting all but the youngest ring-stage parasites (parasites more than 6 h old) results in the proportion of late-stage parasites remaining in circulation decreasing slightly to less than 20% (Fig.  4a, green dashed line) . However, targeting only trophozoites and schizonts (parasites more than 12 h old) for clearance leads to a slight increase in the proportion of late-stage parasites in circulation (Fig. 4a, light blue dashed line) . Further, restricting clearance to clear schizonts only (parasites more than 18 h through their life cycle [41] ) results in the proportion of late-stage parasites increasing to more than 50% (Fig. 4a, red line) . Paradoxically, the simulations indicate that when the older parasites are targeted for clearance, the proportion of late-stage parasites in circulation increases. Thus, preferentially clearing the oldest parasites in the population not only stops parasite growth but also induces a corresponding increase in the proportion of late-stage parasites to near 50%, very similar to the result observed experimentally in rag1 Ϫ/Ϫ mice on day 4 ( Fig. 1c and 4b and c) . This surprising result can be understood by starting with the principle that rupturing mature parasites will generate more young parasitized cells. Therefore, when mature parasites are cleared before they are able to rupture, the production of young parasites will be dramatically reduced. In this way targeting mature parasites with a high clearance rate will stop the replacement of young parasites. Hence, while the already existing young parasites will mature and replace the mature-stage parasite population as they are cleared, the young population will not be replaced, leading to an increase in the proportion of mature parasites over young parasites.
Here we have modeled mechanisms that produce similar results to those observed in rag1 Ϫ/Ϫ mice (compare dashed lines in Fig. 1 with those in Fig. 5 ). However, parasite growth does not stop in WT mice, and so in the next section we explore potential reasons for this difference in the dynamics between WT and rag1
The inclusion of sequestration can explain the dynamics observed in WT mice. To test whether sequestration could explain the different parasite dynamics in WT mice, we consider a second model that includes the possibility for sequestration of parasites prior to the age at which they become targeted for clearance. In this mathematical model, sequestered parasites are included as a separate compartment, T (tissue parasites), and once sequestered, parasites are not subject to clearance. We allow the age at which parasites begin to sequester to vary and show the results of varying this parameter. The inclusion of sequestration is the only difference from the model in the previous section (i.e., we retain a preferential clearance of parasites older than 18 h [schizonts] to begin near day 4) (Fig. 4a, red line) . For clarity note that in this simulation the total parasite burden includes both sequestered and nonsequestered parasites (B ϩ T), but we discuss the proportion of late-stage parasites considering only those parasites circulating freely in the blood (B) (in parallel with what was measured experimentally).
The inclusion of sequestration significantly alters the behavior of the model. When parasites are able to sequester prior to becoming targeted for clearance, the parasite population grows unhindered by the strong clearance that begins on day 4 ( Fig. 6a and b) . Also, since parasite growth continues after heightened clearance on day 4, the proportion of late-stage parasites in the blood does not increase dramatically (Fig. 6c) , as was the case in the model without sequestration (Fig. 4c) . We notice that as the sequestration age is increased and nears the age at which parasite clearance is high, parasite growth is more affected by the high clearance rate and slows more (Fig. 6) . If the age of sequestration is greater than the age at which parasites are targeted for clearance, then the parasite population declines due to host clearance (Fig. 6) . Therefore, in order for sequestration to provide an advantage for parasites to escape clearance, the age of sequestration must be earlier than the age at which parasites are targeted for destruction.
We have previously observed that a model with no sequestration is able to explain the parasite dynamics observed in rag1 , and the age at which mature trophozoites begin to appear in circulation before sequestering [42] ), we are also able to reproduce the parasite dynamics observed in WT mice. We observe that when parasites are allowed to sequester, parasite growth continues throughout the infection (as was observed in WT mice experimentally) (solid lines in Fig. 1a and b and 5a and b). Further, the proportion of old parasites remains relatively low over the course of infection, similar to what is observed experimentally in WT mice (solid lines in Fig. 1c and 5c) . Hence, the inclusion of parasite sequestration in our model accounts for the different dynamics observed in WT mice and rag1 Ϫ/Ϫ mice.
DISCUSSION
Sequestration has long been considered a means of parasite evasion of the host MPS. And although it has been demonstrated that sequestration provides an advantage to parasite growth, it has not been demonstrated that high parasite biomasses in P. falciparum and P. berghei ANKA infections can be explained as the result of sequestration.
In this paper we have studied in vivo models of parasite infection both with and without sequestration. Combined with the use of a mathematical model of parasite dynamics, we demonstrated that the low parasite biomass that occurs in rag1 Ϫ/Ϫ mice is explainable as the result of a high clearance of schizonts by the host MPS, and the high parasite biomass in WT mice can be accounted for by the evasion of host clearance by sequestration. The mathematical model utilized the age distribution of parasites in the blood of the host to provide information on the mechanisms controlling parasite biomass. Our mathematical modeling revealed that, paradoxically, the high proportion of late-stage parasites in the blood of rag1 Ϫ/Ϫ mice on day 4 of infection could be caused by a strong clearance of schizonts by the host MPS.
In this paper we proposed that the clearance of parasites targets late-stage parasites (43) . It has been established by others that sequestration of P. berghei ANKA parasites also takes place in the schizont stage of development (41) . It is interesting to briefly note some possible reasons for this apparent alignment of parasite ages of clearance and sequestration. This alignment of clearance and sequestration suggests that parasite sequestration occurring earlier than is required to avoid clearance is of no great advantage to the parasite. This is surprising as other observations have suggested that parasite sequestration provides an even greater advantage to parasites than simply allowing them to escape clearance (15) . Some investigators hypothesize that sequestration places parasites in favorable environments for asexual reproduction (38) . However, the suggestion that sequestration may only occur as late as is needed to avoid clearance is consistent with other observations that parasites phenotypically able to sequester disappear from infection in the absence of the spleen and that parasites unable to sequester become dominant in infection (45) . This observation raises the possibility that parasite sequestration may also place some burden on the parasite but that it is necessary for survival in the presence of an active spleen.
In this paper we have demonstrated that by simply invoking parasite clearance by the host MPS and parasite sequestration as a mechanism of evading clearance, we are able to explain the data of parasite dynamics and distribution of life stages observed in WT and rag1 Ϫ/Ϫ mice. However, it is important to note that the conclusions of this work depend on two key assumptions: first, that sequestration is actually a mechanism that enables parasites to avoid host clearance; second, that host clearance of parasites in WT and rag1 Ϫ/Ϫ mice is similar. The first assumption is based on the commonly held belief that parasite sequestration is a mechanism of evading host clearance of parasites (38) . The similarity in parasite clearance rates in WT and rag1 Ϫ/Ϫ mice has not been confirmed experimentally. However, our assumption is a conservative one. rag1 Ϫ/Ϫ mice possess an intact MPS but have depleted lymphocytes. Therefore, if the clearance rates are not similar between WT and rag1 Ϫ/Ϫ mice, it is most likely that clearance is actually reduced in rag1 Ϫ/Ϫ mice. If this were the case, then sequestration would confer an even greater advantage to parasite growth in WT mice than in rag1 Ϫ/Ϫ mice. Further, work to clarify the nature of parasite clearance in vivo is key to understanding not just the question of the role of sequestration in infection but also the cause of high parasite biomass in P. falciparum infections and, hence, severe disease. Such investigations will inevitably require exploring parasite dynamics in hosts with dysfunctional macrophage-mediated killing and other mechanisms involved in parasite clearance.
We saw that the level of uninfected reticulocytes was comparably low in both lines of mice, suggesting that the reticulocyte preference of P. berghei ANKA was not a major driver of the differences in infection dynamics between the groups. However, given the known links between the inflammatory response and It is evident that the earlier the age at which sequestration is possible, the higher the total parasite burden reached in infection. When the age that parasites can sequester is later than the age at which they become targeted for clearance (0.75 days), the parasite population stops growing.
RBC production (46) , it is possible that rag1 Ϫ/Ϫ mice have a different rate of reticulocyte production than WT mice and that reticulocytes are being infected rapidly after production, generating different infection dynamics in the two lines of mice. However, since a minimum of 2 days is required for a host to produce reticulocytes and since parasitemia is low in WT and rag1 Ϫ/Ϫ mice by day 4 of the 6-day infection, we do not expect that erythropoiesis has a large impact on the infection dynamics in this experiment.
Parasites in this experiment were passaged through a WT mouse before being injected into the WT and rag1 Ϫ/Ϫ mice. Hence, it is possible that some selection for parasites that performed preferably in WT mice occurred during the passage. However, there was no evidence for such selection in the data as we see comparably strong parasite population growth rates in both WT and rag1 Ϫ/Ϫ mice in the first 4 days of infection. In order to translate the results of this work to human malaria, we must consider both the similarities and differences between P. berghei ANKA and P. falciparum. Both species of malaria undergo sequestration. In fact, like P. falciparum-infected RBCs, P. berghei ANKA-infected cells adhere to the host receptor molecule CD36 (18) . Although there are differing views as to the degree to which parasite sequestration in humans and mice is comparable (47) , no assumption in our modeling or experimental work depends on the specific mechanical properties of binding. The important assumption made is that parasites are able to leave circulation in the blood of the host through some mechanism of binding and so avoid host defense mechanisms such as the spleen and liver.
An important difference between the species is that P. falciparum infection is usually a synchronous infection, and P. berghei ANKA infection is asynchronous. In a synchronous infection if one looks at the parasites in an infected host at a given time, most parasites will be at a similar life stages and will rupture together once they reach maturity. However, during an asynchronous infection, parasites are not all of the same age. The asynchronous nature of P. berghei ANKA infection proved to be a useful tool in this paper. For example, the age distribution of parasites allowed us to identify when the parasite population was growing and provided clues that the clearance stopping parasite growth in rag1 Ϫ/Ϫ mice was targeting the oldest parasites in the population. In contrast, White et al. examined the ratio of young circulating parasites and old sequestered parasites in a synchronous P. falciparum infection (48) and found that this ratio was dominated by the synchronicity of parasite ages (48) . Hence, since parasite ages were synchronized in P. falciparum infection, the ratio of young to old parasites did not provide information on the growth rate of the parasite population, as was the case in our P. berghei ANKA infection. This difference makes measuring the proportion of late-stage parasites in a P. berghei ANKA infection a useful tool for understanding infection in a way that is not possible in all P. falciparum infections.
In this paper we have provided evidence that sequestration can explain the high parasite biomass in the P. berghei ANKA-infected mice and that a high clearance of schizonts may be the mechanism controlling parasite growth in rag1 Ϫ/Ϫ mice. Consequently, we propose that sequestration is the major factor causing high parasite biomass in P. berghei ANKA-infected mice. It is also clear from this paper that further work to understand the role of the host MPS in infection is crucial in order to better develop treatments for reducing parasite biomass and reducing severe malarial disease.
